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Abstract- We present data on the vulnerability of a variety of 
candidate spacecraft electronics to total ionizing dose and 
displacement damage. Devices tested include optoelectronics, 
digital, analog, linear bipolar devices, hybrid devices, Analog-to- 
Digital Converters (ADCs), and Digital-to-Analog Converters 
(DACs), among others. 

I. INTRODUCTION 

C ommercial and emerging technology devices have 
established themselves in the space flight community as 
a means to meet the needs for higher performance, cost 
savings, and scheduling demands. With this dramatic 
increase in the use of these devices, the importance of ground 
testing for the effects of total ionizing dose (TID) and proton- 
induced degradation (also known as displacement damage 
(DD)) to qualify the devices for flight, has increased due to 
the often uncertain nature of such devices. 

The results of testing presented here were done to establish 
the sensitivity of the devices selected as candidate spacecraft 
electronics to TID and proton damage (both ionizing and non- 
ionizing). This testing serves to determine the limit to which 
a candidate device may be used or if it may not be used at all. 
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For single event effects (SEE) results, see a companion paper 
submitted to the 2003 IEEE NSREC Radiation Effects Data 
Workshop entitled: "Single Event Effects Results for 
Candidate Spacecraft Electronics for NASA" by M. O'Bryan, 
et al.[l] 

II. Test Techniques and Setup 
A. Test Facilities - TID 

TID testing was performed using a Co-60 source at the 
Goddard Space Flight Center Radiation Effects Facility 
(GSFC REF). The source is capable of delivering a dose rate 
of up to 0.5 rads(Si)/s, with dosimetry being performed by an 
ion chamber probe. 

Testing performed at Naval Surface Warfare Center 
Division (NAVSEA) used the Shepherd Model 484 Cobalt-60 
Tunnel Irradiator Test Facility. The source is capable of 
delivering dose rates between 0.8 rads(Si)/s and 49.5 
rads(Si)/s. 

Testing performed by JAYCOR was done at four facilities: 
The Salk Institute (Salk Inst.) Gammabeam 150-C Co-60 
Irradiator, the Sandia National Laboratories (SNL) Gamma 
Irradiation Facility (GIF), the Defense Microelectronics 
Activity (DMEA) Science and Engineering Gamma 
Irradiation Test (SEGIT) Facility using a J.L. Shepherd & 
Assoc. Model 81 Co-60 irradiator, and Titan Corp. Pulse 
Sciences Division (PSD) Cs-137 irradiator. TID facilities are 
summarized in Table I. 



Table I: Gamma Ray TIP Test Facilities 

Goddard Space Flight Center Radiation Effects Facility (GSFC REF) Co-60 
Naval Surface Warfare Center Division (NAVSEA) Shepherd Model 484 

Cobalt-60 Tunnel Irradiator Test Facility 

JAYCOR: Salk Institute, Sandia National Laboratories, Defense 
Microelectronics Activity, (Co-60), Titan Corp. (Cs-137) 


B. Test Facilities - Proton Damage 
Proton DD/TID tests were performed at two facilities: The 
University of California at Davis (UCD) Crocker Nuclear 
Laboratory (CNL) that has a 76” cyclotron (maximum energy 
of 63 MeV), and the Indiana University Cyclotron Facility 
(IUCF) that has an 88” cyclotron (maximum energy of 205 
MeV). The proton damage test facilities and energies used on 
the devices are shown in Table II. 


Table II: Proton Damage Test Facilities 


Facility 

Proton 

Energy, 

(MeV) 

University of California at Davis (UCD) Crocker 
Nuclear Laboratory (CNL) 

26.6-63 

Indiana University Cyclotron Facility (IUCF) 

54-197 


C. Test Method 

Unless otherwise noted, all tests were performed at room 
temperature and with nominal power supply voltages. 

1) TID Testing 

TID testing was performed to the MIL-STD-883 1019.5 
test method [2]. 

2) Proton Damage Testing 

Proton damage tests were performed on biased devices 
with functionality and parametrics being measured either 
continually during irradiation (in-situ) or after step 
irradiations (for example, every 10 krad(Si), or every lxlO 10 
protons). 

III. Test Results Overview 

Abbreviations and conventions are listed in Table III. 
Abbreviations for principal investigators (Pis) and test 
engineers are listed in Table IV. Definitions for the 

categories are listed in Table V. TID results are summarized 
in Table VI. Displacement Damage testing results are 
presented in Table VII. Unless otherwise noted, all LETs are 
in MeV*cm 2 /mg and all cross sections are in cm 2 /device. This 
paper is a summary of results. Please note that these test 
results can depend on operational conditions. Complete test 
reports are available online at http://radhome.gsfc.nasa.gov 

[ 3 ]. 


Table III: Abbreviations and Conventions: 

ADC - analog to digital converter 
CTR = current transfer ratio 
DAC - digital to analog converter 
DD - displacement damage 
DNL - differential non-linearity 
GPS = global positioning system 

GSFC REF = Goddard Space Flight Center Radiation Effects Facility 

Hf C = collector to base current gain 

lb = input bias current 

Idd, lee = power supply current 

INL = integral non-linearity 

Krads(Si) = kilorads(Si) 

ksps = kilosamples per second 

LDC = lot date code 

LET = linear energy transfer (MeV-cm 2 /mg) 

MEMS - Microelectromechanical System 

MeV = Mega Electron Volt 

N/A = not available 

op amp = operational amplifier 

P = proton test 

P/cm 2 = protons/cm 2 

PI = Principal Investigator 

RH = radiation hard 

RS = Reed Solomon 

SEFI = single event functional interrupt 

SEL = single event latchup 

TID = total ionizing dose 

Vio = input offset voltage 

Vo, = output saturation voltage 

a = cross section (cm 2 /device, unless specified as cm 2 /bit) 
qsat = saturation cross section at LET^x (cm 2 /device, unless specified 
as em 2 /bit) 


Table IV: List of Principal investigators 


Abbreviation 

Principal Investigator (PI) 

SB 

Steve Buchner 

MC 

Marty Carts 

JH 

Jim Howard 

SK 

Scott Kniffin 

RL 

Ray Ladbury 

PM 

Paul Marshall 

CP 

Christian Poivey 

MX 

Mike Xapsos 














































































































Table VII: Summary of Displacement Damage Results 


















IV. TID Test Results and Discussion 

1) AD5334 

The AD5334 quad 8-bit DAC from Analog Devices was 
tested to 50 krads(Si) at a dose rate of ~0.1 1 rads(Si)/s. Tests 
were performed at the NASA GSFC REF Co-60 facility. The 
devices were biased statically. After 15 krads(Si), all devices 
began to deviate from the nominal values in DNL, INL, gain 
error, offset error, and supply current. See Figures 1 and 2 
for DNL & INL results. After 20krads(Si), the above 
parameters began to degrade very significantly with DNL and 
INL having degraded to well outside 8-bit performance. 



Fig. 1. AD5334 Maximum DNL as a function of TID. 



After 30 krads(Si), the device lost monotonicity and the 
output voltage became oscillatory across the entire range of 
the DAC. Annealing at 100°C for one week did not provide 
significant recovery. 

2) ADG425 

The ADG425 analog switch from Analog Devices was 
tested to 50 krads(Si) at an average dose rate of -0.19 
rads(Si)/s. Tests were performed by JAYCOR. Six devices 
were statically biased and total current was monitored during 


testing. Two devices were unbiased during testing. After 2.5 
krads(Si), the biased devices were out of specification in I DD , 
Iss> Is off +10V, and I s 0 ff -10V. The degradation between 10 
and 20 krads (Si) was significantly enough that the timing and 
high/low threshold readings could not be made and the 
devices would not change from state to state. Annealing at 
room temperature for 1 week resulted in no observed 
recovery. The unbiased devices show some degradation at 30 
and 50 krads(Si). Annealing the unbiased devices resulted in 
no significant recovery. 

3) LM193 

The LM193 quad low power voltage comparator from 
National Semiconductor was tested to 65 krads(Si) at an 
average dose rate of -0.25 rads(Si)/s. Tests were performed 
at the NASA GSFC REF Co-60 facility. Four devices were 
statically biased and two devices were unbiased during 
testing. After 7 krads(Si), both I b + and I b - in all devices 
(biased and unbiased) were well above the specification 
limits. After 15 krads(Si), V I0 were above the specification 
limit for the four biased devices; one unbiased device went 
above the specification limit after 35 krads(Si). All other 
parameters stay within specification limits up to the maximum 
test dose level of 65 krads(Si) (see Fig. 3.). Annealing at 
room temperature for 1 week resulted in no significant 
annealing. 

LNMfiS 



Fig. 3: Variation of V 10 with TID in the LM193. 

4) LM139 

The LM139 (M38510/11201BDA) quad low power 
voltage comparator from National Semiconductor was tested 
to 50 krads(Si) at an average dose rate of 0.295 rads(Si)/s. 
NAVSEA Crane Division performed the total dose testing at 
their Co-60 tunnel irradiator. Six devices were statically 
biased, two unbiased. Results of the total dose testing 
indicated: 

• Both unbiased devices failed to operate properly between 
5 krads(Si) and 10 krads(Si) as evidenced by output 
saturation voltage (V 0 l) increasing well above 
specification (See Fig. 4.). 

• All statically biased devices failed to operate properly 
between 10 krads(Si) and 20 krads(Si) as evidenced by 
output saturation voltage (Vql) increasing well above 
specification (See Fig. 4). 




• All devices began showing power supply current 
decrease after 5.0 krads(Si). 



Fig. 4. TID induced Vol failure of the LM 1 39. 


5) MRX8501/MTX8501 

The MTX850 1 /MRX850 1 12 x 1.25 Gbps parallel array 
transmitter and receiver modules from Emcore were tested for 
DD and TID effects with 63 MeV protons at UC Davis, CNL 
cyclotron. The first receiver was exposed to a total fluence of 
7.16xlO u protons/cm 2 ; equivalent to 103 krads(Si). 
Following this exposure, there was no change in the 
functioning of the device, or in the current supplied to the 
board. The second receiver was exposed to a TID of 30.7 
krads(Si) and no change was observed. The transmitter was 
exposed to a fluence of 2x1 0 n protons/cm 2 ; equivalent to a 
TID of 28.8 krads(Si) and no change in error rate or operating 
parameters was observed. These devices were also tested for 
SEE, those results are also in the test report and are presented 
in “Single Event Effects Results for Candidate Spacecraft 
Electronics for NASA” accepted for publication in IEEE 
NSREC 2003 Data Workshop, July, 2003. 

6) OP296 

The OP296 micropower, rail-to-rail input and output 
operational amplifier from Analog Devices was tested to 
1.8krads(Si) at a dose rate of 0.01 rads(Si)/s. Tests were 
performed at the NASA GSFC REF Co-60 facility. The 
devices were biased statically. The devices failed 
functionally at 1.8 krads(Si) and no recovery was observed 
after annealing for one week at room temperature. 

7) AD7664 

The AD7664 16-bit ADC from Analog Devices was tested 
with protons at IUCF. While performing other tests, the 
devices were left in the beam until TID failure. The devices 
failed at a TID of 21.7 +/-1.1 krads(Si). The devices were 
also tested for proton induced SEL and heavy ion induced 
SEL see [1] for more details on those tests. 

V. Summary 

We have presented data from recent TID and proton- 
induced damage tests on a variety of primarily commercial 
devices. It is the authors’ recommendation that this data be 


used with caution. We also highly recommend that lot testing 
be performed on any suspect or commercial device. 
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